Introduction {#s1}
============

The post-translational modification of proteins by addition of a single ubiquitin molecule (monoubiquitination) or a ubiquitin chain (polyubiquitination) is a fundamental process in eukaryotic biology which serves to regulate protein stability, activity, localisation and protein--protein interactions \[[@BST-48-1737C1]\]. The specific nature of the ubiquitin modification determines the fate of the ubiquitinated substrate and the resulting downstream biological consequences. Ubiquitin itself can be ubiquitinated on eight distinct sites, leading to many possible homotypic (single linkage type) and heterotypic (multiple linkage types) polyubiquitin chain configurations with different biological functions \[[@BST-48-1737C2]\]. Furthermore, ubiquitin may be subject to additional post-translation modifications (e.g. phosphorylation, acetylation), adding to the enormous diversity of the ubiquitin code \[[@BST-48-1737C3]\].

The ubiquitination of protein substrates requires the sequential action of three enzymes: an E1 ubiquitin-activating enzyme, an E2 ubiquitin-conjugating enzyme and an E3 ubiquitin ligase \[[@BST-48-1737C4]\]. The substrate specificity and chain-type diversity in the ubiquitin system is encoded by the latter two enzymes, which catalyse the covalent attachment of the C-terminus of ubiquitin to the target protein. The E2 initially forms a thioester-linked intermediate with ubiquitin (E2∼Ub), and the E3 facilitates transfer of ubiquitin from the E2 to a reactive group in the substrate, typically the side chain of a lysine residue (although other modifications are possible).

The E3 ligases are subdivided into three families: RING, HECT and RING-between-RING (RBR), depending on domain architecture and the mechanism of ubiquitin transfer from E2 to the substrate \[[@BST-48-1737C7]\]. The RING E3s are by far the most abundant of the human E3 ubiquitin ligases (∼600 members), followed by HECTs (28 members) and RBRs (14 members, [Figure 1](#BST-48-1737F1){ref-type="fig"}) \[[@BST-48-1737C8]\]. RING E3s recruit E2∼Ub via their RING domain and facilitate direct attack of the thioester by the substrate nucleophile (aminolysis). HECT E3s utilise a two-step process in which ubiquitin is initially transferred from the E2∼Ub to a catalytic cysteine in the HECT domain (transthiolation). This E3∼Ub intermediate then reacts with a substrate nucleophile in the second step. RBR E3s utilise a 'RING/HECT hybrid' mechanism \[[@BST-48-1737C9]\]. The RBR RING1 domain binds the E2 (of the E2∼Ub conjugate) in a RING E3-like fashion. Subsequent transthiolation to a conserved catalytic cysteine in the RING2 domain forms a reactive HECT-like E3∼Ub thioester intermediate which facilitates transfer of ubiquitin to the substrate. Despite these mechanistic similarities, the thioester forming HECT and RING2 domains are structurally unrelated.

![Phylogenetic relationships and structural domain architecture of the human RBR E3 ligases.\
All family members contain a conserved RING1--IBR--RING2 (RBR) core (shaded in grey), and annotated ancillary domains. Domains are approximately to scale and annotated according to Uniprot \[[@BST-48-1737C5]\] and Pfam \[[@BST-48-1737C6]\] databases (accessed 25/05/2020), and literature search. The autoinhibition status and chain-type specificity of each RBR E3 ligase is summarised in the right-hand panels. Domain acronyms: CPH = domain that is conserved in Cul7, PARC, and HERC2 protein, CUE = Coupling of ubiquitin conjugation to ER degradation, DOC = APC10/DOC, LDD = linear ubiquitin chain determining domain, PUB = PNGase/UBA or UBX-containing proteins, RWD = RING finger and WD-domain-containing-proteins and DEAD-like helicases.](BST-48-1737-g0001){#BST-48-1737F1}

The RBR E3s are intriguing enzymes of ancient origin that regulate many important biological processes across eukaryotic phyla. For example, homologs of the RBR E3s HHARI and RNF14 are found in the fission yeast *S. pombe* (dbl4 and itt1, respectively), thus pointing to a fundamental biological role of these two enzymes. Indeed, the conserved RBR signature evolved before the divergence of plants and animals, more than a billion years ago \[[@BST-48-1737C8],[@BST-48-1737C10]\]. Individually, the RBR E3s display remarkable functional diversity in terms of substrate selectivity, cellular localisation, ubiquitin chain-type specificity and regulatory mechanisms. Furthermore, several RBR E3s are implicated in the pathogenesis of human disease including Parkinson\'s disease, dementia, inflammation and cancer, and may represent unique targets for therapeutic intervention \[[@BST-48-1737C11]\].

Nearly 10 years have passed since the hybrid catalytic mechanism of RBR E3 ligases was first described \[[@BST-48-1737C9]\], and the field continues to evolve at pace. In this mini-review we provide an update on the current understanding of RBR E3 mechanism, structure and regulation, with a particular focus on recent findings which extend, and in some cases diverge from, established principles.

Catalytic mechanism of RBR E3 ligases {#s2}
=====================================

The RBR E3 ligases are complex multi-domain proteins, however all family members share a structurally conserved catalytic 'RBR' module of three consecutive zinc binding domains ([Figure 1](#BST-48-1737F1){ref-type="fig"}). These include a RING1 domain with a canonical RING fold, followed by an 'in-between RING' (IBR) domain, and finally a RING2 domain containing the catalytic cysteine. Despite nomenclature, the RING2 domain does not adopt a RING fold, but instead is structurally related to the IBR \[[@BST-48-1737C14]\]. The linking sequences that connect RING1 and IBR, and IBR and RING2 are sufficiently flexible to permit large scale conformational rearrangements that are required for transitioning between autoinhibited and active forms as shown for several well characterised family members including HOIP, HHARI and parkin \[[@BST-48-1737C15]\]. This inter-domain flexibility is also required for the correct alignment of the reaction complex components to facilitate transfer of ubiquitin from E2 to the RING2 active site cysteine and then the substrate \[[@BST-48-1737C15],[@BST-48-1737C17],[@BST-48-1737C18]\].

RBR E3s typically exist in autoinhibited states which require controlled activation via distinct mechanisms to suppress off-target or excessive ubiquitination. Furthermore, ubiquitin/ubiquitin-like molecules are emerging as important modulators of RBR E3 activity, binding at allosteric sites and stabilising active conformations (see Autoinhibition and allosteric activation). In an activated state, the RBR can recruit an E2∼Ub via the RING1 domain ([Figure 2](#BST-48-1737F2){ref-type="fig"}). Many RBR E3s are able to function with multiple E2 partners *in vitro*, although physiological pairings remain largely unexplored \[[@BST-48-1737C14]\]. Importantly, the RING1 interaction stabilises the E2∼Ub in an 'open' conformation which favours transthiolation to the RING2 active site cysteine, over reaction with nearby lysine residues, a critical mechanistic distinction between RBR and RING E3 ligases \[[@BST-48-1737C17],[@BST-48-1737C19]\]. The RBR E2/E3 transfer complex has been observed structurally in a HOIP/UbcH5B∼Ub complex, which shows the E2∼Ub thioester positioned within catalytic proximity of the RING2 active site cysteine \[[@BST-48-1737C17]\]. Overlap between the E2∼Ub and acceptor ubiquitin binding sites in HOIP \[[@BST-48-1737C17],[@BST-48-1737C22]\] indicate that after the transthiolation reaction, the discharged E2 must dissociate from the E3 before acceptor ubiquitin can bind.

![Generalised catalytic cycle of RBR E3 ligases.\
RBR E3s typically exist in autoinhibited forms which require activation by distinct mechanisms. Furthermore, allosteric activation by ubiquitin or ubiquitin-like molecules appears to be a common feature of the RBR activation process. Active RBR E3s recruit E2∼Ub thioester intermediates via RING1 interactions and stabilise 'open' E2∼Ub conformations. Ubiquitin is then transferred from E2 to the RING2 active site cysteine (yellow circle) in an obligate transthiolation reaction. The resulting E3∼Ub thioester is reactive to nucleophilic attack by bound substrate (or acceptor ubiquitin as shown here). Release of the ubiquitinated substrate permits binding of another E2∼Ub, restarting the ubiquitination cycle.](BST-48-1737-g0002){#BST-48-1737F2}

While the process described above implies formation of a binary complex of RBR E3 and E2∼Ub, an alternate model has been proposed in which cooperative dimerisation of RBRs allows transfer of ubiquitin in *trans* from the E2∼Ub bound to one RBR molecule to the RING2 domain of another \[[@BST-48-1737C23]\]. Both HOIP and parkin, however, have been shown to function as monomers, and complementation mutants are not able to rescue activity, thus supporting a model of ubiquitin transfer that is not dependent on RBR dimerisation \[[@BST-48-1737C15],[@BST-48-1737C17],[@BST-48-1737C18]\]. Importantly, recent hydrogen--deuterium exchange mass-spectrometry (HDX-MS) experiments indicate large-scale domain motions as would be required for alignment of the bound E2∼Ub and RING2 active site within the same molecule \[[@BST-48-1737C15],[@BST-48-1737C18]\].

In any case, the resulting E3∼Ub thioester is a short-lived species and therefore difficult to capture experimentally, however the crystal structure of a HOIP fragment with ubiquitin molecules non-covalently bound at both donor and acceptor sites provides a close surrogate for the final reaction intermediate ([Figure 3A](#BST-48-1737F3){ref-type="fig"}) \[[@BST-48-1737C22]\]. This structure clearly demonstrates how the substrate nucleophile (in this instance, the N-terminal amino group of ubiquitin) is oriented for reaction with the E3∼Ub thioester.

![Structural basis for ubiquitin linkage specificity in HOIP.\
(**A**) Structure of HOIP RING2-LDD/ubiquitin complex (PDB: 4LJO) \[[@BST-48-1737C22]\]. The HOIP RING2-LDD (blue and white) orients the donor ubiquitin (purple) and acceptor ubiquitin (green) in such a way as to align the N and C-termini for M1 linkage formation. The unique RING2 zinc-finger insert (orange) forms part of the acceptor ubiquitin binding platform. Inset shows an enlarged view of the active site, highlighting the proximity of donor ubiquitin C-terminus, RING2 active site cysteine and the acceptor ubiquitin M1-amino group. The solid black line represents the E3∼Ub thioester bond that is not present in this structure. Residues of the RING2 catalytic triad are shown as blue sticks. (**B**) Alignment of human RBR RING2 domain sequences. Conserved zinc coordinating residues = blue, conservatively replaced residues = grey, active site cysteine = red. Catalytic triad residues are denoted by an arrowhead. Unique RING2 inserts for HOIP, HOIL-1L and RNF216 are underlined orange, with putative zinc binding residues highlighted green. The last three zinc coordinating residues of the HOIL-1L RING2 are not aligned with other family members, as the identity of these residues is currently unknown.](BST-48-1737-g0003){#BST-48-1737F3}

Structures of the RING2 active sites of HOIP, HHARI and parkin reveal a conserved cysteine, histidine, glutamate/glutamine catalytic triad ([Figure 3](#BST-48-1737F3){ref-type="fig"}). While the active site cysteine is essential for RBR function, the role of the non-cysteine active site residues appears to differ between family members \[[@BST-48-1737C16],[@BST-48-1737C17],[@BST-48-1737C22]\]. Mutation of the HOIP active site histidine (H887A) renders the enzyme unable to form ubiquitin chains, but does not impair formation of the E3∼Ub thioester (transthiolation) and thus is important only for the aminolysis step of catalysis \[[@BST-48-1737C17],[@BST-48-1737C22]\]. While similar observations have been made for HHARI \[[@BST-48-1737C16]\], the equivalent mutation in parkin (H433A) impedes both transthiolation and aminolysis \[[@BST-48-1737C24]\]. Notably, the catalytic triad residues are not completely conserved across all RBR ligases ([Figure 3B](#BST-48-1737F3){ref-type="fig"}). RNF216, for example, is an active E3 ligase despite lacking the active site histidine ([Figure 3B](#BST-48-1737F3){ref-type="fig"}) \[[@BST-48-1737C25],[@BST-48-1737C26]\]. Together, these observations suggest that alternate active site configurations and catalytic mechanisms exist within the RBR family.

Determinants of ubiquitin chain-type specificity {#s3}
================================================

Polyubiquitin chain formation results from the ligation of the C-terminal carboxyl of the donor ubiquitin with one of eight amino groups present in the acceptor ubiquitin (the N-terminal amino group of M1 or the side chains of K6, K11, K27, K29, K33, K48, K63). The specific amino group selected for modification determines the chain linkage type, and thus the fate of the ubiquitinated substrate. In general, it is accepted that the last thioester-forming enzyme in the ubiquitin cascade dictates the specificity of the polyubiquitin linkage type. In the case of RING E3 ligases, this implies the associated E2 is responsible for specifying the chain linkage type, while thioester forming HECT and RBR E3s determine chain specificity themselves.

At present, our knowledge of the polyubiquitin chain types formed by RBR E3s is limited to a handful of examples. Even less well understood is the structural basis by which RBRs select certain amino groups for modification and not others. HOIP, the catalytic E3 component of the linear ubiquitin chain assembly complex (LUBAC), is the only current exception and is well known to exclusively assemble M1-linked (also referred to as 'linear') ubiquitin chains \[[@BST-48-1737C27]\]. This specificity arises from the C-terminal 'linear ubiquitin chain determining domain' (LDD), which, in concert with the RING2 domain, orients the N-terminal (M1) amino group of acceptor ubiquitin within catalytic proximity of the donor ubiquitin C-terminus ([Figure 3A](#BST-48-1737F3){ref-type="fig"}) \[[@BST-48-1737C22]\]. Interestingly, the HOIP RING2 domain contains an additional zinc finger insertion which forms part of the acceptor ubiquitin binding platform and is important for M1-linked chain synthesis ([Figure 3](#BST-48-1737F3){ref-type="fig"}).

Recently, RNF216 (TRIAD3) has been shown to form free K63-linked ubiquitin chains *in vitro*, making it only the second RBR to exhibit preference for a single chain type \[[@BST-48-1737C25],[@BST-48-1737C26]\]. This contrasts with previous studies which had implicated RNF216 in the proteasomal degradation of substrates via K48-linked polyubiquitination \[[@BST-48-1737C28]\]. In these original studies however, K48 ubiquitination was typically inferred by increased K48 modification of substrates in response to RNF216 overexpression, without evidence of direct K48 ubiquitination by RNF216. It is possible that RNF216 or one of its K63 modified substrates regulates the activity of unidentified K48-specific E3 ligases. The structural basis for RNF216 K63 chain specificity is unknown, although a minimal construct consisting of only the RBR and C-terminal MIU-like domain retains the linkage specificity of the full-length enzyme \[[@BST-48-1737C25]\]. It is of particular interest to note the presence of an additional zinc-finger-like insert between the last two zinc-binding residues of the RING2 domain ([Figure 3](#BST-48-1737F3){ref-type="fig"}) \[[@BST-48-1737C25],[@BST-48-1737C35]\]. It will be interesting to see if this insert plays a similar role to the zinc-finger insert in the RING2 of HOIP which helps orient the acceptor ubiquitin for linkage specific reaction with the donor ubiquitin ([Figure 3](#BST-48-1737F3){ref-type="fig"}).

Unlike HOIP and RNF216, parkin does not exhibit specificity for a single chain type, but is able to assemble K6, K11, K48 and K63-linked chain types *in vitro*, and on depolarised mitochondria where parkin functions to trigger mitophagy \[[@BST-48-1737C36]\]. In this context, the primary role of parkin appears to be bulk modification of outer mitochondrial membrane proteins with monoubiquitin and short chains, rather than long chain assembly \[[@BST-48-1737C37]\].

HHARI, and its closely related homolog TRIAD1 (35% identity), are different again, as they are thought to monoubiquitinate the substrates of Cullin-RING ligases (CRLs), thus priming them for elongation by associated CRLs and their cognate E2s, i.e. Cdc34 (UBE2R1) which generates K48-linked chains \[[@BST-48-1737C38]\]. The resulting chain architecture is therefore the product of interplay between multiple E2 and E3 enzymes, highlighting the inherent complexity of the ubiquitin system.

The advent of novel molecular tools for the detection of specific chain types coupled with the increased availability of powerful proteomic technologies, such as absolute quantification mass-spectrometry (AQUA-MS) \[[@BST-48-1737C42]\] and 'ubiquitin-clipping' \[[@BST-48-1737C37]\] now permits the study of previously undetectable chain types and architectures *in vitro* and *in vivo*, including the products of previously uncharacterised RBR E3 ligases. RNF144A and RNF144B are closely related proteins (54% identity) and the smallest members of the RBR family, consisting of only the RBR core and a C-terminal transmembrane domain ([Figure 1](#BST-48-1737F1){ref-type="fig"}). Using K6 and K33/K11 linkage specific affimers and AQUA-MS, Michel et al. \[[@BST-48-1737C43]\] demonstrated that RNF144A and RNF144B, in combination with the E2 UbcH7 (UBE2L3), assemble K6, K11, K48 and K63-linked chains *in vitro,* the same combination of linkage types assembled by parkin.

Recently, HOIL-1L was reported to monoubiquitinate itself and a number of cellular substrates via esterification of serine and threonine residues \[[@BST-48-1737C44]\]. This non-conventional O-linked ubiquitin modification was shown to be resistant to deubiquitinating enzymes (DUBs) that cleave typical ubiquitin isopeptide bonds, but sensitive to hydroxylamine which readily cleaves ester bonds. Non-lysine ubiquitination has been observed previously \[[@BST-48-1737C45]\], however this is the first report of an RBR E3 ligase generating these unique linkage types. These findings were partly confirmed by Fuseya et al. \[[@BST-48-1737C49]\] who more recently describe that HOIL-1L attaches O-linked ubiquitin to HOIP and SHARPIN, but, interestingly, ubiquitinates itself on lysine residues. While these discrepancies need further investigation, HOIL-1L and O-linked ubiquitin appear to be important regulators of LUBAC activity. Notably, the HOIL-1L sequence contains an unusual RING2 extension with a number of potential zinc binding residues ([Figure 3](#BST-48-1737F3){ref-type="fig"}). The presence of an additional zinc binding site here is untested to the best of our knowledge but may provide a functionality unique to HOIL-1L, and its ability to form atypical ubiquitin linkages.

Based on the above examples, it is interesting to speculate about the common determinants of chain-type specificity (or lack thereof) in the RBR family. It may be that RBR modules alone are unable to specify a particular linkage type, but that specificity is encoded by the additional C-terminal structural elements incorporated into the RING2 domain (e.g. zinc fingers, ubiquitin interaction motifs), as is known to be the case for HOIP.

Ancillary ubiquitin binding domains {#s4}
===================================

Outside of the RBR core, many RBR ligases contain protein--protein interaction domains including domains/motifs that bind to ubiquitin or ubiquitin-like molecules ([Figure 1](#BST-48-1737F1){ref-type="fig"}). These domains act to regulate RBR function by, for example, localising the E3 to ubiquitinated substrates or cofactors.

HOIP contains a ubiquitin-associated domain (UBA) N-terminal of the RBR core. UBA domains are small (∼45 amino acid) three-helix bundles that typically bind ubiquitin via the canonical hydrophobic surface centred on Ile44 \[[@BST-48-1737C50]\]. Interestingly, the HOIP UBA does not bind ubiquitin \[[@BST-48-1737C27]\], but instead interacts with ubiquitin-like (UBL) domains from other LUBAC subunits HOIL-1L and SHARPIN, which release autoinhibition of HOIP \[[@BST-48-1737C51]\]. Recently the *parkin coregulated gene* (PACRG) product was identified as a novel LUBAC component, which interacts with LUBAC via the HOIP UBA and can functionally compensate for loss of SHARPIN from the complex \[[@BST-48-1737C55]\]. As PACRG does not have a UBL, it is unclear how this interaction occurs, and whether PACRG represents an additional LUBAC component or replaces one of the cofactors HOIL-1L or SHARPIN in specific sub-complexes.

Bioinformatic analysis of RNF216 has revealed a number of cryptic binding domains for ubiquitin and ubiquitin-like molecules \[[@BST-48-1737C25]\]. These include a consecutive pair of 'Coupling of ubiquitin conjugation to ER degradation' (CUE) domains ([Figure 1](#BST-48-1737F1){ref-type="fig"}). These predicted three-helix bundles are structurally related to UBA domains and contain ubiquitin binding motifs conserved in ubiquitin binding proteins of protein trafficking and degradation pathways \[[@BST-48-1737C56]\]. The RNF216 CUE domains interact with K48, K63 and M1-linked polyubiquitin chains \[[@BST-48-1737C25]\]. Mutation of three conserved CUE domain residues abrogated this function without affecting E3 activity or linkage specificity *in vitro* \[[@BST-48-1737C25]\]. These observations suggest the CUE domains represent a non-catalytic ubiquitin binding site for RNF216 and may facilitate localisation to ubiquitinated substrates or cofactors.

The same study predicted the presence of two MIU-like ubiquitin interaction motifs flanking the RNF216 RBR core \[[@BST-48-1737C25]\]. Unlike the previously described UBA and CUE domains, these motifs consist of a single helix only, but similarly interact with the canonical Ile44 ubiquitin surface. Curiously, the MIU downstream of the RNF216 RING2 appears to be critical for E3 ligase activity, although its molecular basis remains unclear \[[@BST-48-1737C25],[@BST-48-1737C26]\]. The unstructured N-terminus of RNF216 also houses three SUMO-interaction motifs (SIMs), which are able to bind SUMO2 chains *in vitro* \[[@BST-48-1737C25]\]. RNF216 does not ubiquitinate SUMO2 chains *in vitro*, suggesting the SIMs may instead function to localise RNF216 to SUMOylated substrates for ubiquitination at a distinct site \[[@BST-48-1737C25]\].

Additional to the examples described here, many RBR E3s contain one or more ubiquitin interacting domains, as summarised in [Figure 1](#BST-48-1737F1){ref-type="fig"}. The physiological role of ubiquitin binding domains/motifs remains unknown in most cases although it is anticipated that these domains will play important roles in substrate recognition and recruitment.

Autoinhibition and allosteric activation {#s5}
========================================

In general, RBR E3 ligases are thought to exist in autoinhibited forms, in which inhibitory domains from outside of the RBR core act to suppress ubiquitination activity. This appears to be the case at least to some extent for parkin, HOIP, HHARI, TRIAD1, RNF114A and RNF114B ([Figure 1](#BST-48-1737F1){ref-type="fig"}) \[[@BST-48-1737C16],[@BST-48-1737C41],[@BST-48-1737C57]\]. Many of the crystal structures solved to date have captured these enzymes in stable autoinhibited states \[[@BST-48-1737C16],[@BST-48-1737C24],[@BST-48-1737C60],[@BST-48-1737C61]\], and as such autoinhibition is now considered one of the defining features of the RBR family \[[@BST-48-1737C62],[@BST-48-1737C63]\].

The mechanism of autoinhibition and activation is best understood for parkin, and multiple crystal structures have captured the protein in various states of activation \[[@BST-48-1737C15],[@BST-48-1737C18],[@BST-48-1737C23],[@BST-48-1737C24],[@BST-48-1737C58],[@BST-48-1737C60],[@BST-48-1737C61],[@BST-48-1737C64],[@BST-48-1737C65]\]. In its inactive form, the unique parkin domain (UPD, also termed RING0 domain) masks the RING2 active site cysteine, while the ubiquitin-like domain (UBL) and repressor (REP) element block the E2 binding site on the RING1 domain ([Figure 4](#BST-48-1737F4){ref-type="fig"}) \[[@BST-48-1737C24],[@BST-48-1737C60],[@BST-48-1737C61]\]. Parkin is activated by the mitochondrial outer membrane kinase PINK1, which phosphorylates Ser65 of both ubiquitin and the N-terminal ubiquitin-like (UBL) domain of parkin \[[@BST-48-1737C64],[@BST-48-1737C65]\]. Integrative structural biology approaches combining crystal structures, HDX-MS and NMR have been used to illuminate the process of PINK1 dependent parkin activation in remarkable detail, tracking domain movements throughout the activation process \[[@BST-48-1737C15],[@BST-48-1737C18],[@BST-48-1737C66]\].

![Parkin activation process and HHARI autoinhibition.\
(**A**) Crystal structure of autoinhibited rat parkin (PDB: 4K95) in which the RING2 domain is bound to the UPD, and the E2 binding site on the RING1 domain is masked by the REP element and the UBL \[[@BST-48-1737C61]\]. (**B**) Structure of active human parkin (PDB: 6GLC) showing binding of phospho-ubiquitin (pUb) and re-organisation of the UBL domain, which binds to the UPD when phosphorylated \[[@BST-48-1737C15]\]. The displaced RING2 domain was omitted from the crystallisation construct. (**C**) Structure of active fruit fly (*Bactrocera dorsalis*) parkin with N-terminal UbcH7 fusion (PDB: 6DJW) \[[@BST-48-1737C18]\]. The UbcH7 orientation is such that conjugated ubiquitin (represented here by a grey shadow) could be accommodated and is accessible by the mobile RING2 domain. The RING2 domain was omitted from the crystallisation construct and the UbcH7 molecule is contributed from a distinct polypeptide within the crystal lattice. (**D**) Crystal structure of autoinhibited HHARI (PDB: 4KBL) in which the Ariadne domain blocks access to the active site in the RING2 domain \[[@BST-48-1737C16]\]. The E2 binding site and the RING2 active site are separated by more than 50 Å and the HHARI UBA blocks the putative allosteric activation site.](BST-48-1737-g0004){#BST-48-1737F4}

PINK1 phosphorylated ubiquitin (phospho-ubiquitin) binds to an allosteric site in the RING1/IBR domains of parkin and the resulting conformational change in the IBR leads to release of the UBL from RING1, exposing the E2∼Ub binding site, although the protein remains inactive. Release of the UBL is a prerequisite for subsequent phosphorylation of the UBL by PINK1. Finally, phospho-UBL binding to the UPD displaces the bound RING2 domain, making it accessible for transthiolation. A previously unresolved section of the UBL-UPD linker, termed the 'activating element' (ACT), was shown to be important for stabilisation of active parkin, by masking a hydrophobic groove exposed on the UPD surface following release of the RING2 domain \[[@BST-48-1737C15]\]. In the 'active' parkin crystal structures, the liberated RING2 domain is either unresolved in electron density, or omitted from the crystallisation construct \[[@BST-48-1737C15],[@BST-48-1737C18]\].

This activation process requires large scale domain motions that have been visualised by HDX-MS \[[@BST-48-1737C15],[@BST-48-1737C18],[@BST-48-1737C66]\]. Most notable is rearrangement of the UBL, which moves \>50 Å between inhibited and active forms ([Figure 4](#BST-48-1737F4){ref-type="fig"}). Dramatic conformational rearrangements may not be unique to parkin, however. HHARI is autoinhibited through occlusion of the RING2 active site cysteine by the C-terminal Ariadne domain \[[@BST-48-1737C16]\]. The mechanism of activation remains poorly understood and to date there is no available structure of HHARI in an active conformation, however structures of the inactive complex show the E2 binding site and the HHARI active site are separated by more than 50 Å ([Figure 4](#BST-48-1737F4){ref-type="fig"}) \[[@BST-48-1737C16],[@BST-48-1737C20],[@BST-48-1737C21]\].

HOIP, the catalytic component of the LUBAC, displays only weak ubiquitination activity *in vitro* but is activated by interaction with LUBAC cofactors HOIL-1L and SHARPIN \[[@BST-48-1737C51]\]. Additionally, truncated HOIP constructs lacking the inhibitory UBA domain are fully active \[[@BST-48-1737C54],[@BST-48-1737C57]\]. The structure of HOIP RBR in complex with UbcH5B∼Ub represents an active transfer complex, with E2 and E3 catalytic centres ideally oriented for transthiolation \[[@BST-48-1737C17]\]. Interestingly, in this structure an additional 'allosteric' ubiquitin molecule is bound to the RING1/IBR in an equivalent position to that of the activating phospho-ubiquitin in parkin \[[@BST-48-1737C64]\]. Binding of ubiquitin at this site appears to promote structural rearrangements required for efficient binding of the E2∼Ub donor ubiquitin. Furthermore M1-linked di-ubiquitin promotes HOIP∼Ub thioester and polyubiquitin chain formation \[[@BST-48-1737C17]\]. Given M1-linked chains are a product of LUBAC activity, this allosteric activation may represent a positive-feedback loop. The extent to which allosteric activation by ubiquitin or ubiquitin-like molecules occurs across the RBR family is an interesting area for future prospecting.

Alignment of active structures of HOIP and parkin reveals remarkable similarity in conformation of the resolved RING1 and IBR domains and conservation of the allosteric ubiquitin/phospho-ubiquitin binding site ([Figure 5](#BST-48-1737F5){ref-type="fig"}). The E2 binding mode is similar in active structures of HOIP and parkin, suggesting the parkin RING2 could accommodate E2∼Ub in a similar manner to HOIP ([Figure 5](#BST-48-1737F5){ref-type="fig"}). Furthermore, Kumar et al. \[[@BST-48-1737C23]\] identified a cryptic ubiquitin binding site in the RING1--IBR of phospho-ubiquitin-bound Parkin. This ubiquitin binding site is equivalent to the HOIP donor ubiquitin site and points toward a common active conformation of RBR E3s.

![Comparison of active parkin and HOIP structures.\
Active parkin (PDB: 6GLC, 6DJW) and HOIP (PDB: 5EDV) structures were aligned by overlaying allosteric ubiquitin/phospho-ubiquitin molecules \[[@BST-48-1737C15],[@BST-48-1737C17],[@BST-48-1737C18]\]. The UBL and UPD domains of parkin have been omitted for clarity. Parkin and HOIP show remarkably similar conformations of RING1 (blue) and IBR (green) domains and the HOIP-bound UbcH5B∼Ub shows how the donor ubiquitin (purple surface) is accommodated by the RING1--IBR. Allosteric ubiquitin/phospho-ubiquitin is bound at a common site, opposite the donor ubiquitin binding site. The RING2 domain in the HOIP structure is contributed from a second molecule in the crystal lattice, although the biologically relevant complex is thought to consist of a single RBR chain \[[@BST-48-1737C17]\].](BST-48-1737-g0005){#BST-48-1737F5}

Finally, autoinhibition, while prevalent in the RBR family, may not be a true hallmark of these enzymes. Full length RNF216 for example, shows comparable *in vitro* activity to a minimal construct consisting of the RBR core and C-terminal MIU \[[@BST-48-1737C25]\]. Detailed exploration of currently overlooked family members will reveal the generality of autoinhibition as a defining characteristic of the RBR family.

Summary and future directions {#s6}
=============================

To date, the structure, function and regulation of RBRs have been investigated in exceptional detail for several family members, providing a comprehensive understanding of autoinhibition, activation and catalytic mechanism, particularly with respect to E2∼Ub recognition and transthiolation steps. The subsequent transfer of ubiquitin from E3∼Ub to the substrate is less well understood, and future studies will likely focus on deciphering the way in which RBRs recruit and orient substrates for selective ubiquitination with specific chain-types. While the biochemistry races ahead, our understanding of biology lags behind, hampered by the difficulty in identifying bona fide physiological substrates and cofactors which often only interact weakly and transiently with the ubiquitination machinery, and may not coexist under basal conditions. A multi-faceted approach using modern proteomics to expand the observable RBR interactome and targeted modulation of activity, either genetically or pharmacologically (see [Box 1](#box1){ref-type="boxed-text"}) will be central to unravelling the precise roles of RBR E3s in biology.

Box 1:. Targeting RBR E3s with small molecules
----------------------------------------------

There is considerable interest in the development of small molecule modulators of RBR E3 activity as chemical tools for dissecting RBR signalling pathways, and for therapeutic applications. Covalent inhibitors that irreversibly modify the active site cysteine and inhibit activity have been developed for HOIP, and in principle this approach could be extended to other RBR E3s \[[@BST-48-1737C67]\]. Structure-guided inhibitor design permits rational optimisation of hit compounds, although crystallisation of RBRs is often hampered by inherent interdomain flexibility. To this end, single domain antibody binders of HOIP have been successfully employed as crystallisation chaperones to facilitate reproducible crystallisation \[[@BST-48-1737C71]\]. In addition, stapled peptides that block interactions between the different LUBAC components and inhibit LUBAC activity have been described \[[@BST-48-1737C52],[@BST-48-1737C72],[@BST-48-1737C73]\]. It will be interesting to see if other RBR ligases can also be inhibited by blocking their interaction with specific cofactors and if this feat can be achieved by more drug-like small molecules.

Certain parkin variants are linked to autosomal-recessive juvenile Parkinson\'s disease \[[@BST-48-1737C11]\]. These variants are unable to be activated by PINK1 phosphorylation, which results in impaired parkin-dependent mitophagy, a process required to maintain mitochondrial homeostasis \[[@BST-48-1737C11]\]. In this context, selective activation of parkin using small molecules may have therapeutic value \[[@BST-48-1737C60],[@BST-48-1737C61],[@BST-48-1737C64],[@BST-48-1737C65]\]. A deep understanding of the molecular basis of parkin activation, afforded to us by almost a decade of research, will be fundamental to these efforts.

Finally, the recent boom in 'targeted degradation' as a new therapeutic modality has spurred on the hunt for novel E3 ligases which can be pharmacologically re-directed to degrade pathogenic targets \[[@BST-48-1737C74],[@BST-48-1737C75]\]. Whether the RBR family harbours any fit for purpose degradative ligases remains to be seen, but in a proof of concept study, an active (truncated) parkin construct was shown to induce degradation of model substrates \[[@BST-48-1737C76]\]. The strict regulation of RBRs may reduce their general utility in targeted degradation, but on the other hand this may provide a unique opportunity for the development of highly selective protein degraders.

The remarkable structural and functional diversity that exists, even within a limited subset of well-studied RBRs, highlights the need for exploratory work on the remaining, less well-characterised family members. There are almost certainly undiscovered features which will challenge established principles.

Perspectives
============

-   The RBR E3s are an intriguing family of E3 ubiquitin ligases which are characterised by a unique catalytic mechanism and strict regulation of ubiquitination activity. RBR E3s regulate a diverse range of biological processes and have important roles in the pathogenesis of human disease.

-   RBR E3s share a conserved structural core of zinc binding domains and a common highly regulated catalytic mechanism that proceeds via an obligate E3-ubiquitin thioester intermediate. However, our understanding of the RBR E3 structure and function comes from only a small set of family members and the extent of functional diversity remains unknown.

-   The future of RBR research will likely focus on understanding the precise role of these enzymes in biological pathways, which will become more tractable with modern methodologies in proteomics and access to high quality chemical probes. Extending our understanding of overlooked family members will be critical for establishing the true hallmarks of the RBR family.
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ACT

:   Activating element

AQUA-MS

:   Absolute quantification mass spectrometry

E2∼Ub

:   E2-ubiquitin thioester intermediate

HDX-MS

:   Hydrogen--deuterium exchange mass spectrometry

HECT

:   Homologous to E6-AP carboxyl terminus

HHARI

:   Human homolog of Ariadne

HOIL-1L

:   Heme-oxidised IRP2 ubiquitin ligase 1

HOIP

:   HOIL-1-interacting protein

LDD

:   Linear ubiquitin chain determining domain

LUBAC

:   Linear ubiquitin chain assembly complex

NMR

:   Nuclear magnetic resonance spectroscopy

PACRG

:   Parkin-coregulated gene

PINK1

:   PTEN-induced kinase 1

RBR

:   RING-between-RING

REP

:   Repressor element

RING

:   Really Interesting New Gene

RNF216

:   RING finger protein 216

SHARPIN

:   Shank-associated RH domain-interacting protein

SUMO

:   Small ubiquitin-related modifier
